We investigated the occurrence of small, ground-dwelling mammals (marsupial mice and rodents) across 128 forested study sites representing a stratified sample of the climatic, geological, and topographic features of far southeastern mainland Australia. We then developed statistical models for the occurrence of the agile antechinus (Antechinus agilis), dusky antechinus (A. swainsonii), and bush rat (Rattus fuscipes) based on various environmental attributes measured for each site. At a landscape scale, the climatic factor mean minimum temperature of the coldest month was an important explanatory variable for the bush rat, with the likelihood of its occurrence increasing with increasing temperature during that period. Sites with greater precipitation during the driest quarter of the year were more likely to support bush rats and the agile antechinus. At an on-site scale, protected slopes and gullies were more likely to support bush rats, and the occurrence of bush rats and the dusky antechinus increased at sites with a higher number of large fallen trees. In multiple-use forests, increasing the number of large fallen trees after timber harvesting may increase habitat quality for both the dusky antechinus and the bush rat, and retaining habitat on protected slopes and gullies also may be important for the latter species.
Understanding the associations between animals and various features of the environments in which they live has been a long-standing research goal of ecologists worldwide. Indeed, more recent modeling approaches for predicting animal species' distributions have their origins in quantifying speciesenvironment relationships (Guisan and Thuiller 2005) . Broadly speaking, the environment can be categorized into 2 major components: biotic features such as the soil and vegetation composition, and abiotic factors such as climate and topography (Catling et al. 2002) . The often-complex interplay of biotic features and abiotic factors can variously affect where and when different animal species occur, as well as their relative abundance (Barry and Elith 2006; Wagner and Fortin 2005) .
The various interactions of biotic and abiotic attributes have created a diversity of environments in Australia, which in turn play host to an equally diverse array of terrestrial mammals, many of which are threatened. Statistically, the continent has one of the worst records of recent mammal extinctions (Johnson 2006) . Many of these extinctions since European settlement have occurred among a suite of mammals known as the ''critical-weight range,'' represented by species weighing between 50 and 5,000 g. Relevant examples include, particularly, members of the bandicoot (Peramelemorphia: Peramelidae) and rat-kangaroo (Diprotodontia: Potoroidae) families, extinctions of which have been concentrated in western and central Australia (Johnson et al. 1989 ) but also along the eastern seaboard (Claridge and Barry 2000) .
In a related series of papers, we described a study designed to improve understanding of patterns in the occurrence of bandicoots and rat-kangaroos and their primary food resource, hypogeous fungi, at a landscape scale in southeastern mainland Australia (Claridge and Barry 2000; Claridge et al. 2000a Claridge et al. , 2000b . Within that study, we also recorded the presence of a range of other ground-dwelling mammals. These included species outside the so-called critical-weight range that have not undergone similarly widespread and catastrophic declines. Here, we examine patterns in the occurrence of these latter species in relation to the same measured habitat attributes. In doing so, further insight into the distribution of a suite of common, yet also relatively poorly understood animals, is provided. The relationships examined also provide a necessary backdrop to future studies wishing to predict the distribution of these species over broader geographic spatial scales.
MATERIALS AND METHODS
Study area and site selection.-The study area within the eastern part of Victoria (East Gippsland) and adjacent New South Wales in southeastern mainland Australia comprises a rectangle of forested land bounded by the longitudes 1478309E and 150809E and latitudes 368309S and 38809S ( Fig. 1 ; Claridge and Barry 2000) . Within this area we selected a series of sites for sampling of ground-dwelling mammals, representing a stratified sample of the climatic, geological, and topographic features of the region. We linked a 250 Â 250-m digital elevation model to the climate prediction system BIOCLIM (Busby 1986; Nix 1986 ) to derive spatial estimates of 9 important climatic parameters. Values for the estimates for each grid cell within the study area were run through an ordination process using the pattern analysis software PATN (Belbin 1989) to derive 20 higher-order ''climate groups.'' Output from the climate stratification scheme was overlaid onto a geological map for the entire study area, and from this overlay, climate group-geological classes were derived. For practical reasons we sampled a reduced set of these: the 24 combinations chosen were typically more broadly distributed across the landscape and readily accessible year-round by public road. As a final level of stratification, sites were chosen within 4 major topographic strata (ridge/upper slope, protected slope, exposed slope, and gully/lower slope). A final set of 128 sites, each measuring 50 Â 20 m, was identified for sampling. Further details about site selection, including information on the source of primary data used in the stratification process, are described in Claridge and Barry (2000) .
Detection of animals.-The occurrence of small, grounddwelling mammals at each site was determined through livecapture, using Elliott aluminium box traps (Elliott Scientific Equipment, Upwey, Victoria, Australia) baited with peanut butter, rolled oats, and maple syrup. To prevent stress or death of animals, each trap was lined with cotton wool for insulation. For each 50 Â 20-m site, a total of 20 Elliott traps were set around the outer perimeter at approximately 10-m intervals. Setting traps around the perimeter of each site was necessary to reduce impact on vegetation in the middle of the plot, and to allow for sampling of hypogeous fungi (Claridge et al. 2000a (Claridge et al. , 2000b . Traps were baited for 3 consecutive nights, and any captured animals were processed each morning between 0600 and 0900 h. Individual animals were identified to species and sex, then released. We deemed livetrapping over 3 nights at each site to be reliable to record the presence of target mammal species (Catling et al. 1997) , enabling all sites to be censused between November 1996 and April 1997. The trapping methodology conformed to guidelines approved by the American Society of Mammalogists for use of wild mammals in wildlife research (Gannon et al. 2007 ).
Measurement of environmental attributes.-A series of landscape and on-site scale environmental attributes were measured for each site (see Claridge and Barry 2000) . Initially, raw values for the 9 climatic parameters used in the survey stratification process were estimated for each study site using BIOCLIM (Claridge et al. 2000a) . The values, together with data on geology, comprised the landscape-scale variables used in subsequent statistical modeling (Neave et al. 1996a (Neave et al. , 1996b . On-site, we also measured a series of environmental attributes, including features of topography, disturbance history, vegetation floristics and structure, structure of nonliving components of habitat, and substrate. The rationale for, and measurement of, each of these attributes is described below.
Slope and aspect can influence the occurrence and relative abundance of ground-dwelling mammals (Catling and Burt 1995b; Lunney and O'Connell 1988) . Aspect influences levels of solar radiation, subsequently affecting vegetation structure. On exposed aspects, vegetation complexity may be less than on protected aspects, influencing the presence of different species (Catling and Burt 1995a, 1995b; Lunney and Barker 1986) . We measured both slope and aspect: slope was measured in degrees with a clinometer from a point in the centre of each 50 Â 20-m site, and azimuth (aspect) was measured in degrees using a compass from the same point. For statistical analyses, aspect was grouped into 4 major classes: N (315-458), E (45-1358), S (135-2258), and W (225-3158). 
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Various forms of logging and fire can influence both the species diversity and occurrence of different species of small and medium-sized mammals (Carey and Johnson 1995; Catling 1991; Catling and Burt 1995a, 1995b; Lunney and O'Connell 1988; Macfarlane 1988) . Although in our study we deliberately chose, where possible, sites that did not have recent signs of logging and fire, most sites had experienced some form of past disturbance. Within the boundaries of each site, we counted the number of cut stumps to indicate intensity of past logging. Similarly, we recorded the presence of fire scars on trees at each site. Linking the observations with available fire history information, we established both the time since last fire and the type of last fire (prescribed versus wildfire) at each site. For the purposes of statistical analysis, fires were classified as prescribed (category 1) or wildfire (category 2). This separation was deemed necessary because prescribed fire is likely to influence understory structure more greatly than wildfire, particularly when applied frequently (Catling 1991) . Similarly, time since last fire was broken down into 3 categories: 0-10 years, 10-20 years, and .20 years.
The number of species of Eucalyptus and Acacia present at each site was recorded, as were other plant species such as ground ferns, tree ferns, and sedges that contributed .30% of ground cover at each site. In addition to floristics, we measured various structural attributes of the live vegetation. For ease of recording, we made measurements in a 20 Â 20-m subplot within the 50 Â 20-m boundaries of each site (the center of the 20 Â 20 m subplot corresponded to that of the 50 Â 20-m site). We calculated basal area of eucalypts/ha and number of eucalypt stems/ha by measuring the diameter at breast height of all live trees within the subplot. Indices of cover were recorded for each of 3 height strata: small (0.5-to 2.0-m) shrubs, medium-sized (2.0-to 5.0-m) shrubs, and large-sized (.5.0-m) shrubs. Cover classes were: 1 ¼ 1-10% of entire 20 Â 20 m subplot; 2 ¼ 11-30%; 3 ¼ 31-50%; 4 ¼ 51-70%; 5 ¼ 71-90%; and 6 ¼ .90%. We used the same indices of cover to record the relative abundance of tree ferns, ground ferns, and grasses and sedges. These groups of plants have been shown to provide important microhabitat for some forest animals (e.g., Lindenmayer et al. 1994) .
Structural features of microhabitat such as the number of snags and fallen trees within each site also were measured. Studies undertaken both in Australia and overseas have demonstrated that these microhabitat features are important nesting, shelter, and foraging resources for small, grounddwelling mammals (Barnett et al. 1978; Carey and Johnson 1995; Dickman 1991) . Cover and depth of litter was measured because litter is an important foraging substrate for these animals (Claridge et al. 1993a) . Litter cover was recorded on the same 6-point scale as vegetation cover, whereas litter depth was an average (cm) of 13 points, measured randomly within the 20 Â 20-m subplot.
Finally, at each site soil texture was estimated using the techniques described by Northcote (1979) . Four categories of soil texture were recognized: clay, loam, clay-loam, and sand. Remaining fresh soil samples were air-dried, sieved through a 2 Â 2-mm mesh, and total nitrogen (N) and total phosphorus (P) concentrations were determined using a bench-top autoanalyzer at the Department of Forestry, the Australian National University, Canberra. Values used in subsequent analyses for soil moisture content, texture, and N and P content were the means of each duplicate set of samples to reduce variability.
Statistical modeling procedures.-The relationship between the occurrence (presence or absence) of small mammals and the various measured landscape and on-site variables was investigated using generalized additive modeling (Hastie and Tibshirani 1990 ) and, as indicated by the data, generalized linear modeling (McCullagh and Nelder 1989) . We used S-PLUS (Statistical Sciences Incorporated 1991) for all statistical analyses. Generalized additive modeling differs from generalized linear modeling in that rather than using a parameter of fixed form (e.g., x þ x 2 ), a statistical smoother is used to define dependent (mammal) variable response to the independent (environmental) variables (Leathwick 1995) . Using unspecified smoothing functions gives additional flexibility to the modeling process and avoids the need to make prior assumptions about the way in which species respond to various environmental gradients (Leathwick 1995; Yee and Mitchell 1991) . Generalized additive modeling has proven useful in determining factors influencing the occurrence and abundance of various plants and animals (Guisan and Zimmerman 2000) .
Models were fitted for the occurrence of each mammal species using a manual backwards stepwise procedure. This process eliminated correlated variables, resulting in an initial or base model comprising 10-14 independent variables, with each continuous variable fitted in a smoothed (curvilinear) form with the default degrees of freedom (4). The curvilinear fits were performed using a smoothing spline. This is a large number of parameters to fit with limited data, but the term selection process rapidly reduces the model to a more manageable size. Each term (variable) was tested for inclusion in the full model as a linear or smoothed function. A binomial error distribution was used and a drop-in-deviance test with P ¼ 0.05 level of significance used for inclusion of variables in the model. The process of elimination of variables stopped when no remaining variables could be removed from the model without causing a significant increase in residual deviance. All significant and nonsignificant terms were retested against the final model as a last check.
For each final generalized additive model, we produced a series of summary plots (Statistical Sciences Incorporated 1991). The plots summarize the contribution to the mean response of each of the additive components. For example, if we model y in terms of x 1 , x 2 , . . . , x p , we have:
and we plot s 1 (x 1 ) versus x 1 to show the effect of x 1 . By analogy, in the linear regression case we have:
where b is the slope coefficient.
The estimated effects for generalized additive models are presented on the scale of the linear predictor and are therefore interpreted in the same way as coefficients from generalized linear models (McCullagh and Nelder 1989; Nicholls 1991) . Because an intercept is included in each generalized additive model, the graphs should be interpreted comparatively, by comparing the difference in effects between values of the explanatory variable. The level of the plot is of no interest, because the effect is absorbed into the intercept.
RESULTS
General survey.-Four species of small, ground-dwelling mammals were caught in Elliott traps: the agile antechinus (Antechinus agilis), at 89 of the 128 sites; dusky antechinus (A. swainsonii), at 27 sites; bush rat (Rattus fuscipes), at 97 sites; and the swamp rat (R. lutreolus) at 2 sites. The first 3 species were further considered for habitat modeling because they were represented at .20% of sites.
Model for the occurrence of the agile antechinus.-Of the macro-and microhabitat variables measured, only 1 was significant in explaining the occurrence of the agile antechinus (Table 1) . That variable, precipitation in the driest quarter of the year (mm), could be fitted as a linear term (Fig. 2) . With each additional 50 mm of precipitation during the driest quarter of the year, the probability of occurrence of the agile antechinus increased by 10%.
Model for the occurrence of the dusky antechinus.-A single habitat variable, the number of large fallen trees measured on a plot, was significant in explaining the occurrence of the dusky antechinus (Table 1) . That variable could be fitted as a linear term (Fig. 3) . The probability of occurrence of the dusky antechinus increased linearly, by 5%, with each additional large fallen tree on-site.
Model for the occurrence of the bush rat.-Four habitat variables were found to be significant in explaining the occurrence of the bush rat: minimum temperature of the coldest month (8C), driest quarter of the year (mm), the number of large fallen trees, and aspect (Table 1 ). The first 3 variables could be fitted as linear terms, whereas aspect was categorical (Fig. 4) . For the purposes of examining the responses of bush rats to these habitat variables, the variable minimum temperature was set at 18C, driest quarter at 205 mm, large fallen trees at 3, and aspect fixed at protected. For the continuous variables, the fixed values chosen represented the average across all sites, whereas the choice of aspect was arbitrary. The probability of occurrence of the bush rat increased by 20% with each 28C increase in the mean minimum temperature of the coldest month within the range À28C to 28C, then continued to increase above 28C but at a lesser rate. For precipitation in the driest quarter of the year, the probability of occurrence of the bush rat increased by 20% with each additional 40 mm of precipitation within the 160-to 240-mm range, but above that threshold diminished to an additional 10% increase with each additional 40 mm. At sites with few large trees, the probability of occurrence of the bush rat increased by 20% with every additional 2 trees. Above 6 trees, it continued to increase at a diminished rate of 5-10% with each additional 2 trees. Finally, the probability of occurrence of the bush rat was 20% higher on protected versus exposed sites.
DISCUSSION
Landscape factors influencing the occurrence of small, ground-dwelling mammals.-The results of our study confirm that a range of environmental variables, at both a landscape and on-site scale, influence the occurrence of small, grounddwelling mammals in southeastern mainland Australia. At a landscape scale, mean minimum temperature of the coldest month was a significant variable in the model developed for the bush rat, with increasing probability of occurrence with increasing temperature. This implies an altitudinal effect, because within our study area elevation and average annual temperature are highly correlated (Neave et al. 1996a (Neave et al. , 1996b . Thus, bush rats seemingly select forests at lower elevations. A similar association of the species with warmer environments was noted by Catling and Burt (1995a, 1995b) , as well as for the agile antechinus and dusky antechinus adjacent to our study area in southeastern New South Wales.
Why bush rats might select lower elevations is unclear. No studies have evaluated the thermoregulatory requirements of bush rats in relation to elevation, so it is difficult to ascertain whether or not cooler temperatures at higher elevations have a limiting effect on their activity. Certainly, many species of Australian ground-dwelling mammals have very widespread distributions, being found from timberline to the coast (Catling and Burt 1994 , 1995a , 1995b . Nevertheless, examination of our data indicates that bush rats may be more prevalent and abundant with decreasing elevation. In this respect, bush rats are influenced similarly to many species of plants restricted in distribution (elevation), or growth, or both by climatic factors such as temperature (e.g., Lindenmayer et al. 1996; Margules and Stein 1989) .
At the highest elevations in southeastern mainland Australia, cold winter temperatures and accompanying frost and snow will presumably influence the availability of food resources for bush rats. These resources include the fruiting bodies of hypogeous fungi, which elsewhere at that time of the year form a major part of the diet of bush rats (Tory et al. 1997 ). Moremoderate climates presumably allow for extended periods of production of fruiting bodies, although this remains to be confirmed.
Sites with more precipitation during the driest quarter of the year were more likely to have both agile antechinus and bush rats. This relationship likely reflects the availability of food resources: for the agile antechinus, populations of invertebrates; and for the bush rat, invertebrates, plants, and fungi. Sites where rainfall is less limiting are likely to result in less fluctuation in available food-this is certainly the case for fungi (Claridge et al. 1993b (Claridge et al. , 2000b and in all likelihood for invertebrates and plants. Further sampling of the food base for these small mammals across rainfall gradients would clarify the matter.
On-site factors influencing the occurrence of small, grounddwelling mammals.-On-site, greater numbers of large fallen trees (logs) on the forest floor increased the chances of dusky antechinus and bush rat being present. Logs provide a range of ecosystem services including the recycling of nutrients, creating ground-layer heterogeneity, and providing foraging and shelter sites for a range of biota (Carey and Johnson 1995; Dickman 1991; Lindenmayer et al. 2002) . Similarly, Barnett et al. (1978) demonstrated a strong relationship between logs, which provided shelter sites, and the agile antechinus. Dickman (1991) confirmed the use of logs for foraging and nesting for several species of antechinus and rodents, particularly when those logs were .40 cm in diameter. Finally, Catling and Burt (1995b) identified a positive relationship between habitat complexity, with logs as a component, and the abundance of agile and dusky antechinus.
Interestingly, the amount of ground cover per se was not found to significantly influence the occurrence of each of the 3 small mammal species modeled in our study. This result contrasts with observations made by other workers. For example, in southwestern Victoria, Bennett (1993) found that the number of captures of bush rats increased significantly with increasing vegetation cover in the understory. This habitat selection presumably reflected a lower risk of predation in areas with dense ground cover, and reaffirms previous habitat studies on bush rats conducted in different vegetation communities in southeastern mainland Australia (Barnett et al. 1978; Lindenmayer et al. 1994) . Elsewhere, the agile antechinus and dusky antechinus also have been found to select dense understory vegetation (Barnett et al. 1978; Catling and Burt 1995a, 1995b) .
We found that the bush rat was more likely to be present at sites facing south or east (i.e., protected aspect) rather than north or west. Catling and Burt (1995a, 1995b) also found that the abundance of bush rats was higher on sites with a protected aspect. The apparent selection by bush rats for such sites may relate to differences in density of ground cover, with more exposed northerly and westerly facing sites being more sparsely vegetated (Catling and Burt 1995a, 1995b) . However, in our study there was no clear relationship between aspect and ground cover, presumably because we sampled across such a broad array of forest communities with differing disturbance histories. Protected-aspect sites are probably more productive in terms of food supply; at the same sites we used, Claridge et al. (2000b) found that sites located on protected aspects had a higher diversity and abundance of fruiting bodies of hypogeous fungi, a key food resource for the bush rat. This conclusion is also reinforced by the results of Claridge et al. (1993c) , who found that protected aspects and gullies were more productive for hypogeous fungi than exposed aspects and ridges in a mixed-species eucalypt forest stand.
Conservation and management of small, ground-dwelling mammals.-Within our study area, much of the forested land is managed for multiple uses, including water catchment protection, timber production, and conservation of biodiversity (Claridge and Lindenmayer 1994) . In state forests, extraction of timber is a prime objective and logging practices vary in relation to the type of forest being harvested, from systems in which trees are retained in situ after logging to systems where all overstory plants are removed (Lugg et al. 1993) . In most of these systems, a series of repeated logging events are planned as regeneration reaches certain ages, so disturbance events are reoccurring. Many forest areas are also subject to repeated prescribed burning, in which fuel loads are lowered to reduce risk of severe wildfire. Our habitat models indicate that fallen trees, in particular, seem to be a key substrate for the dusky antechinus and the bush rat. Such attributes are seldom given much attention in modern forestry operations (Lindenmayer et al. 2002) and there may in the future be a need to derive prescriptions for their retention. Similarly, our findings indicate that protected aspects may be more important to retain for species such as the bush rat in logged landscapes.
Utility of models and further analyses.-The utility of the statistical models we developed for the occurrence of small, ground-dwelling mammals needs to be rigorously examined. Each of the species modeled should be further sampled along the environmental gradients identified as important in our analyses, both within and outside of our study area, to determine whether the same patterns hold true. In the interim, our data provide further opportunity to examine the occurrence of different mammal species in relation to vegetation communities because we measured the occurrence of all trees and shrubs at each of the sites we sampled. To date such an analysis has only been conducted in 1 other study of the distribution of ground-dwelling mammals in southeastern mainland Australia (Catling and Burt 1994 , 1995a , 1995b , although analyses have been conducted on arboreal (tree-dwelling) fauna (Bennett et al. 1991; Braithwaite et al. 1988) .
